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Abstract

Human trifunctional protein catalyzes three steps in mito-
chondrial ,B-oxidation of fatty acids, including the long chain
3-hydroxyacyl-CoA dehydrogenase step. Deficiency of this
heterocomplex, which contains 4a and 4.8 subunits, causes

sudden unexplained infant death, a Reye-like syndrome,
cardiomyopathy, or skeletal myopathy. We determined the
molecular basis of this deficiency in a patient with neonatal
presentation and later sudden death using reverse transcrip-
tion and PCR amplification of his a subunit mRNA. We
demonstrated a universal deletion of exon 3 (71 bp) in his
mRNA. This deletion causes a frameshift and very early
premature termination. Amplification of genomic DNA
demonstrated that the patient was a compound heterozygote
with two different mutations in the 5' donor splice site fol-
lowing exon 3: a paternally inherited G to A transversion
at the invariant position + 1 and a maternally inherited A to
G mutation at position +3. Both allelic mutations apparently
cause exon 3 skipping, resulting in undetectable levels of a
subunit protein, and complete loss of trifunctional protein.
This is the initial molecular characterization of trifunctional
protein deficiency. (J. Clin. Invest. 1995. 95:2076-2082.)
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Introduction

Mitochondrial /-oxidation of fatty acids provides the primary
source of energy in the heart and other high energy-requiring
tissues. The /3-oxidation cycle degrades long chain fatty acyl-
CoA substrates via four enzymatic activities to produce acetyl-
CoA and a fatty acyl-CoA reduced in length by two carbons.
However, because of the wide range of fatty acyl substrate
lengths, multiple enzymes with different, but overlapping, sub-
strate specificities catalyze each step. Over the past 15 yr, defi-
ciencies in more than 15 human enzymes and proteins essential
for mitochondrial fatty acid transport and /3-oxidation have been
defined (1), usually by measurements of accumulated abnormal
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metabolites and enzymatic assays. The defects are recessively
inherited because all of these proteins are encoded by the nu-
clear genome. Clinical manifestations include a Reye-like syn-
drome, with hypoglycemia, fatty liver, coma, and frequently
death; sudden, unexplained death, usually in the first 2 y of life;
dilated or hypertrophic cardiomyopathy; or skeletal myopathy.
Among the most common of these known defects is medium
chain acyl-CoA dehydrogenase (MCAD)' deficiency, which
we and others have delineated at the molecular level (2, 3).
MCAD is one of four dehydrogenases with overlapping sub-
strate specificities that catalyze the first step of the ,8-oxidation
spiral.

Deficiency of long chain 3-hydroxyacyl-CoA dehydroge-
nase (LCHAD) activity in patients with similar presentations
was suggested by recent observations of 3-hydroxydicarboxylic
aciduria (4-6) and subsequently documented by enzymatic
assays (7, 8). These biochemical studies suggest that LCHAD
deficiency is a relatively common /-oxidation defect. More
recently, deficiency ofLCHAD in infants with unexplained sud-
den death has been associated with the occurrence of maternal
acute fatty liver of pregnancy (AFLP) syndrome (9, 10).

Elucidation of the molecular basis of LCHAD deficiency
required the isolation and characterization of the enzyme (11,
12). Surprisingly, LCHAD activity was discovered as part of
a membrane-associated multienzyme complex, designated tri-
functional protein. The rat protein is a heterooctamer ( 12) con-
sisting of 4a and 4/3 subunits. cDNA cloning and expression
of rat subunits (13) proved that the a subunit has long chain
enoyl-CoA hydratase and LCHAD activities, and the /3 subunit
has long chain 3-ketoacyl-CoA thiolase activity.

Enzymatic assays for these three activities in cells from
LCHAD-deficient patients demonstrated two types of defects
(14). In most individuals, isolated LCHAD deficiency exists
with relative preservation of long chain hydratase and thiolase
activities. In one such patient, biosynthetic and immunoblotting
studies documented normal rates of subunit synthesis with pres-
ervation of both subunits (antigen levels 60% of normal) (14).
In other patients, combined deficiency of all three activities is
present (14, 15), and immunoblot analysis revealed the virtual
absence of both a and /3 subunits, presumably because the
inability to form a stable complex allows their rapid degrada-
tion.

We have recently isolated and characterized the human tri-
functional a subunit cDNA and gene.2 With these data available,

1. Abbreviations used in this paper: AFLP, acute fatty liver of preg-
nancy; LCHAD, long chain 3-hydroxyacyl-CoA dehydrogenase;
MCAD, medium chain acyl-CoA dehydrogenase; RT-PCR, reverse tran-
scriptase-PCR; SSCV, single-stranded conformation variance.
2. Powell, C. K., H. F. Sims, and A. W. Strauss, unpublished data.
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Figure 2. Strategy for RT-PCR amplification of a subunit mRNA. The
mRNA of trifunctional protein is depicted to scale with the regions
encoded by each exon.2 The coding region is the higher vertical box,
the untranslated regions are shown at each end of the mRNA in shorter
boxes. The 5' end of the mRNA (transcription start site) remains unde-
fined. Sense oligonucleotides for PCR are indicated by the letters A, B,
C, and D. Paired antisense oligonucleotides are A', B', C', and D'.

TIME (min)
Figure 1. Capillary gas chromatographic profiles of urine organic acid
trimethylsilyl derivatives in a patient with trifunctional protein defi-
ciency. (A) The profile from a sample obtained at 6 d of age, during
presentation with hypoglycemia and severe myocardial dysfunction
(urine volume equivalent to 0.25 mg of creatinine). (B) The profile in
a postmortem sample (urine volume equivalent to 1.0 mg of creatinine).
Arrowheads mark the positions of peaks containing C6-C14 3-hydro-
xydicarboxylic acids. With the exceptions of 3-hydroxyadipic lactone
(peak 10) and 3-hydroxysebacic acid (peak 28), these metabolites are

not detected in normal control specimens. The numbered peaks are as

follows: (1) lactic acid; (2) oxalic acid; (3) mixture of 3-hydroxybutyric
acid (about 40% of the peak) and 3-hydroxyisobutyric acid; (4) 2-
methyl-3-hydroxybutyric acid; (5) urea; (6) phosphoric acid; (7) suc-

cinic acid; (8) fumaric acid; (9) glutaric acid; (10) 3-hydroxyadipic
lactone (C6:0); (11) adipic acid; (12) 4-hydroxyphenyllacetic acid;
(13) octanedioic acid (isomer); (14) octanedioic acid (isomer) and 3-
hydroxyadipic acid (C6:0); (15) suberic acid; (16) aconitic acid; (17)
homovanillic acid; (18) citric acid; (19) hippuric acid (ditrimethylsi-
lyl); (20) hippuric acid (monotrimethylsilyl); (21) 3-hydroxyoctanedi-
oic acid (C8:1); (22) decanoic acid; (23) 3-hydroxysuberic acid
(C8:0); (24) sebacic acid; (25) 4-hydroxyphenyllactic acid; (26) penta-
decanoic acid (the internal standard); (27) 3-hydroxydecanoic acid
(C10:1); (28) 3-hydroxysebacic acid (C10:0); (29) this peak contains
3-hydroxydodecanoic acid (C12:1) and some unknown compounds;
(30) 3-hydroxydodecanoic acid (C12:0); (31) 3-hydroxytetradecanoic
acid (C(14:1 ); (32) 3-hydroxytetradecanoic acid (C(14:0). Identification
of all compounds in peaks were confirmed by gas chromatography/mass
spectrometry. The analysis is completed in 48 min.

we analyzed an individual with complete trifunctional protein
deficiency and report herein the initial definition of the molecu-
lar basis of this disease.

Methods
Case history. The proband was the product of a term pregnancy compli-
cated by gestational diabetes and hypertension. There was no evidence of
maternal AFLP syndrome. Delivery was by emergent caesarean section
because of fetal bradycardia. The patient was well for 32 h but then
became lethargic, pale, and hypotonic. After treatment with intravenous
glucose, the infant recovered well until the 6th day of life, when, after
a change in feeding frequency from every 3 to every 4 h, he was noted
to be pale, lethargic, and tachypneic, with hypoglycemia (25 mg/dl).
Symptomatic improvement occurred with intravenous glucose. Echocar-
diogram demonstrated severe dilated cardiomyopathy (ejection fraction
of 40%, normal > 64%), for which treatment with dobutamine and
digoxin was initiated. Organic acid analysis by capillary gas chromatog-
raphy/mass spectrometry of a urine specimen obtained immediately after
proof of hypoglycemia (Fig. 1A) revealed moderate lactic aciduria

(558 mmol/mol creatinine as compared with the range in age-matched
controls of 46-348), hypoketotic C6-ClO dicarboxylic aciduria (3-
hydroxybutyric acid of 47 mmol/mol creatinine with normal range of
2-45, adipic acid of 285 with normal of 9-37, octanedioic acid of 30
with no detectable level in normals, suberic acid of 166 with normal.
range of 4-20, decanoic acid of 5 with none detected in normals, sebacic
acid of 18 with normal of 3-16), and significant C6-C14 3-hydroxydi-
carboxylic aciduria. Quantitative determination of 3-hydroxydicarboxy-
lic acids was not performed because of unavailability of synthetic stan-
dards for calibration. This profile is consistent with, strongly suggestive
of, and typical of LCHAD deficiency. The patient was fed a simplified
formula (Portagen; Mead Johnson, Evansville, IN) containing medium
chain triglycerides with polycose and carnitine supplements. His cardio-
myopathy gradually improved, and he remained healthy with normal
development until the age of 18 mo. After an episode of vomiting, he
was hospitalized for observation. In spite of a documented normal blood
glucose, the child remained restless, and several hours after admission,
he was found dead. Autopsy was normal except for the heart, which
had mild left ventricular dilatation, mild myocardial fibrosis, and some

acute inflammatory cells consistent with myocarditis. Fatty infiltration
of the liver, kidneys, or heart was not present. In postmortem urine
(Fig. 1B), lactic acid (164 mmol/mol creatinine as compared with
normal age-matched controls of 21-38 mmol/mol creatinine), C6-C1O
dicarboxylic acids (adipic acid of 16 mmol/mol creatinine compared
with normal of 1-6 mmol/mol creatinine, octanedioic acid of 8 mmol/
mol creatinine with undetectable levels in normals, suberic acid of 9
mmol/mol creatinine with normal of 3-8 mmol/mol creatinine, and
sebacic acid of 5 mmol/mol creatinine with normal of 3-8 mmol/mol
creatinine), and C6-C14 3-hydroxydicarboxylic acids were mildly ele-
vated.

Cell lines, enzyme assays, DNA, and RNA isolation. Skin fibroblasts
were obtained from the affected child. The cells were maintained in
minimal essential medium supplemented with 10% FBS, 2 mM gluta-
mine, and antibiotics. LCHAD, short chain L-3-hydroxyacyl-CoA dehy-
drogenase and short chain 3-ketoacyl-CoA thiolase activities were mea-

sured by the method of Venizelos et al. (16). DNA from the patient's
fibroblasts and parents' blood was isolated using an alkaline lysis and
proteinase digestion (17). RNA was isolated using the guanidine iso-
thiocyanate method with an added DNase digestion to prevent DNA
contamination (18).

'Reverse transcriptase PCR ofcDNA and cDNA cloning. First-strand
cDNA was synthesized using an oligo(dT) primer. The cDNA was then
amplified according to the scheme in Fig. 2. PCR was performed with
annealing at 55°C for 30 s, extension at 72°C for 90 s, and denaturation
at 94°C for 30 s and 25 cycles. Sense and antisense oligonucleotides
indicated by the A and A' (Table I), respectively, in the figure amplify
the entire 2289-bp coding region and 374 bp of untranslated regions.
The products of this first reaction were then reamplified with oligonucle-
otide pairs labeled B/B', C(/C', and D/D' (Fig. 2). All oligonucleotide
sequences are given in Table I. Annealing for these reactions was also
at 550C, but extension at 72°( was only for 30 s. This "nesting" of
PCRs enhanced the yield of specific products. Most primers were de-
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Table L Oligonucleotides for PCR Amplification of a Subunit mRNA and Genomic DNA

Sense oligonucleotides Antisense oligonucleotides Fragment size

A 5'-gctgtcgactcttcagctcaagAT A' cccgtcaagacgtgggctcgagtttgtgta-5' 2663 bp
B 5'-GGGCGAI7GGCATCCTCTAGACCGCTT B' TTCCCCGATTTCTGATGTGA-5' 1152 bp
C 5'-acagAATTTCACAGCGTATGCCATGACTATTCC C' CCTTCCTAAACTTAAGACTGTACCTATC-5' 1145 bp
D 5'-GCTGGAYJCCCTGACCACAAGCTTTGGC D' ACTCGTCCGGAGTACGGCAGCTGAGTCAG-5' 582 bp
Exon 2 and 3 5'-ttacaagctttgttatatataaaaggtactac ggacttaccctttctacttaagggtataaagg-5' 370 bp

Uppercase letters indicate nucleotides from the coding regions of a subunit mRNA. Lowercase letters are from the untranslated regions (oligonucleo-
tides labeled A and A') or introns (in oligonucleotides C and for exons 2 and 3). Engineered restriction sites for subcloning are underlined.

signed with engineered restriction sites to facilitate cloning into the
PGEM3Z plasmid vector for sequence determinations. For the 5' partial
PCR product, an internal Sacd site 100 bp upstream of the primer oligo-
nucleotide was used for digestions and subcloning.

Sequence and single-stranded conformation variance analysis. Se-
quence analyses used the dideoxy chain termination method (19). To
verify that no coding region mutations were present in this patient, we
also performed single-stranded conformation variance (SSCV) analysis
(19) on DNA amplified from each of the 20 exons of the trifunctional
protein a subunit, using appropriate conditions and oligonucleotides
(19).2

RNA blot and protein immunoblot analyses. RNA and protein analy-
ses were performed according to standard methods (3).

Population screening for splice site mutations by allele-specific oli-
gonucleotide hybridization. We amplified genomic DNA by PCR from
35 unrelated individuals obtained from Centre pour l'Etude des Poly-
morphismes Humane pedigrees with intronic oligonucleotides encom-
passing exons 2 and 3 (Table I). These DNA samples have been studied
in detail for human genomic mapping and polymorphisms and are de-
rived from French individuals. The product was then applied to a nylon
membrane with a vacuum blotting device and probed with the nor-
mal and two mutant oligonucleotides using conditions previously de-
scribed (3).

Results

Biochemical characterization of trifunctional protein defi-
ciency. Enzymatic studies of fibroblasts from the proband re-
vealed a deficiency of LCHAD activity (33.6± 13.6 [SD] nmol/
min per mg protein, N = 4; control of 97+±29 with range of
64-144 nmol/min per mg, N = 10), with preservation of short
chain L-3-hydroxyacyl-CoA dehydrogenase activity (95±+41
nmol/min per mg protein, N = 4; control of 113±28 with range
77-150 nmol/min per mg, N = 10) and short chain 3-ketoacyl-
CoA thiolase activity (17.8 nmol/min per mg protein, N = 2;
control of 24±5.4 with range of 18-31 nmol/min per mg pro-
tein, N = 10). Immunoblot analysis (data not shown) revealed
markedly reduced levels of both a and ,6 subunits, as compared
with control (Hashimoto, T., personal communication). This
result is similar to that reported by Hashimoto and co-workers
in complete trifunctional protein deficiency (14). RNA blot
analysis of total RNA isolated from the patient's fibroblasts
probed with a full-length a subunit cDNA2 demonstrated a
single band of - 2.6 kb, slightly smaller than a subunit mRNA
from a normal control (data not shown).

Characterization of deletions in the a subunit of trifunc-
tional protein. We used reverse transcriptase (RT) -PCR ampli-
fication of the a-subunit mRNA derived from this patient to
define the molecular basis of complete trifunctional protein de-
ficiency. This 2.3-kb mRNA coding region was amplified by

nested PCR in three shorter and overlapping fragments using
the oligonucleotides depicted in Fig. 2 and listed in Table I. The
5' partial fragment derived from the oligonucleotides labeled
B/B' (Fig. 2) is 1152 bp long in the normal cDNA (Fig. 3,
lane 2).

After amplification of the 5' fragment with mRNA derived
from the proband's fibroblasts, the major product was smaller

1 2 3

1353bpm
1078bpe E
872 bp E

4 5 6 7

vectorm.

1353bp,
1078bp p
872bpP

a-subunit cDNA
Figure 3. Sizes of 5' partial a subunit PCR products derived from
fibroblast RNA from normal and LCHAD deficient cells. This figure is
a composite of two different gels, with lanes 1-3 from one gel and
lanes 4- 7 from a second gel. Lanes 1 and 4 are marker fragments, with
arrows indicating sizes of some fragments. After nested PCR of the 5'
fragment with oligonucleotides A/A' and B/B' shown in Fig. 1, one-

tenth of the untreated PCR samples from a normal individual (lane 2)
and from the LCHAD-deficient proband (lane 3) were analyzed on this
1% agarose gel. After elution of the PCR products from the gel, digestion
with restriction enzymes, and placement into plasmid vectors, three
different subclones were isolated and digested with restriction enzymes

before analysis. The restriction enzyme digestions reduce the size of all
the PCR fragments by 117 bp. Lane 5 is the partial 5' product from
normal fibroblast mRNA. Lane 6 is one of the five identical clones
derived from the patient's 5' fragment of a subunit, which proved to

contain the 71-bp exon 3 deletion. Lane 7 is the patient's 5' partial
fragment, which proved to have the 113-bp exon 2-3 deletion.

2078 Brackett et al.
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Figure 4. Nucleotide sequences of the 5' PCR frag-
ments reveal exonic deletions. On the left is a partial
sequence of the subcloned 5' PCR fragment derived
from fibroblast mRNA of the patient. As indicated to
the left of the sequence, comparison with the normal a

subunit cDNA and gene reveals deletion of exon 3. The
nucleotide sequence from the comparable region of the
subcloned 5' PCR fragment of normal RNA is shown
on the right, with sites of splicing of normal exons, as
indicated.

than expected (Fig. 3, lane 3, upper band), as demonstrated by
comparison with the amplified fragment from a normal individ-
ual analyzed simultaneously (lane 2). No product of the correct
size ( 1152 bp) was present, consistent with the conclusion that
no full-length a subunit mRNA is detectable. The difference in
mobility of this upper band suggests that 60-80 bp are deleted
in the mutant fragment. In addition to the major band, the RT-
PCR product of this 5' fragment from the proband contained a

second, minor band (Fig. 3, lane 3, lower band). DNA from
both bands was digested with XbaI (in oligonucleotide B) and
SacI (a naturally occurring site at bp 1068 of the normal mRNA
and 80 bp the 5' direction of oligonucleotide B') and placed
into plasmid vectors for sequence analyses. The insert size of
five patient subclones was identical to (Fig. 3, lane 6) and
slightly, but definitely, smaller than the insert derived by PCR
from normal mRNA (lane 5). The nucleotide sequences of
these five subclones were identical. Sequence comparison with
normal human a subunit cDNA2 (20) demonstrated a 71-bp
deletion beginning at nucleotide 110 of the mRNA (Fig. 4).
This deletion creates a shift in the reading frame of the mRNA.
The predicted mutant a subunit mRNA sequence would gener-
ate a stop codon (UAA) after 123 bases of coding region se-

quence. We have recently characterized the intron-exon struc-
ture of the human gene encoding the a subunit and defined the
splice donor and acceptor sequences surrounding the 20 exons

of this gene.2 Comparison of the deletion mutation with this
trifunctional protein a subunit genomic structure reveals that
this 71-bp deletion corresponds precisely to exon 3. A sixth,
somewhat smaller subclone insert (Fig. 3, lane 7) was se-

quenced, and comparison with normal a subunit cDNA revealed
a 113-bp deletion. This deletion corresponds precisely to the
nucleotides included in exons 2 and 3 of the gene (sequence
data not shown). The exon 2-3 deletion also produces a

frameshift and creates a premature stop codon after 81 bases
of a subunit coding region.

Complete sequence analyses of both strands of subclones
(data not shown) derived from the middle and 3' fragments of
the cDNA were also performed. The nucleotide sequences were

identical to our normal a subunit cDNA throughout the entire
coding region. To discount the possibility of other mutations in
this individual's a subunit, we also performed SSCV analysis
of DNA amplified from each of the 20 exons of his genomic
DNA. No additional conformational differences were detected
(data not shown).

These results demonstrate that all of the detectable a subunit
mRNA of this patient with trifunctional protein deficiency is
abnormal. Based upon the observation that no PCR product or

mRNA of appropriate size was found, we hypothesized that the
patient had either (i) a small deletion(s) of the a subunit gene
in the exon 2-3 region, (ii) a donor or acceptor splice site
mutation(s) causing exon skipping, or (iii) both. These possi-
bilities were investigated by characterization of the mutant a

subunit gene and comparison with the normal gene we have
recently isolated.2

Definition oftwo splice site mutations. To identify possible
splice site mutations, we amplified genomic DNA encom-

passing exons 2 and 3 from the proband using oligonucleotides
(Table I) derived from sequences in the introns before exon 2
and after exon 3, but containing engineered restriction sites to
allow subcloning. In the normal gene, exon 2 contains 42 bp
(base pairs 68-109 of the cDNA), exon 3 contains 71 bp
(nucleotides 110-180), and the intervening intron is only 98
bp in length.2 The amplified genomic DNA fragment of 360 bp
was placed into a plasmid vector, and the complete nucleotide
sequences of eight subclones were determined on both strands
(Fig. 5). The sequences of the exon 3-intron 3 junction for
the normal (Fig. 5, top) and two different mutant subclones
(bottom) are depicted. The two different sequences, derived
from the two alleles, were represented equally among the geno-
mic clones. The first allele contains a single base change (G to
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LCHAD Exon 3-Intron 3 Junction

3' Figure 5. Nucleotide sequences of the
t exon 3-intron 3 junction from the normal
t a subunit gene and from the two mutant
t alleles of the patient. For all sequences,
a nucleotides from the exon are in uppercase
C

letters and nucleotides from the intron are

c in lowercase letters. The consensus donor
t splice sites are shown in boldface. The nor-

d mal genomic sequence in this region is

9 shown in the upper half of the figure (des-
G ignated Wild-type). Sequences from two
A different subclones derived from the two

A alleles of the patient are shown in the bot-
c tom half of the figure. The single base

changes of the two clones that occur in the
consensus donor splice site are circled (in-
tron 3-g+la on the left and intron 3-a+3g
on the right).

A) at the first intronic base after exon 3 (Fig. 5, bottom left).
Similar analysis of parental genomic DNA (data not shown)
revealed that the father is heterozygous for this mutant allele
and has the normal sequence on his second allele. This change,
designated mutation "intron 3-g+ la," occurs within the virtu-
ally absolute consensus dinucleotide essential for correct splic-
ing (21 ). This mutation is therefore consistent with the skipping
of exon 3 (missplicing) observed in the proband's mRNA.

The second allele also differs from the normal exon 3 donor
splice site sequence. This allele has an A to G substitution at
the third intronic base (Fig. 5, bottom right) and is designated
"intron 3-a+3g." Examination of maternal genomic DNA re-

vealed this splice site mutation on one allele, with the normal
sequence on her second allele (sequence data not shown). Al-
though this position within the consensus donor splice site se-

quence (GTAAGT) is more variable than the highly conserved
dinucleotide (21 ), we postulate that this second allelic mutation
also causes missplicing. However, we also considered the possi-
bility that this might represent a common polymorphism, which
might allow normal splicing of exon 3.

Population screening for splice site mutations. To discount
the possibility that the second mutation represented a common

polymorphism, we examined DNA from 35 French individuals
and the proband. The exon 2-3 regions of genomic DNA were

amplified, and the fragments were blotted onto membranes and
subjected to hybridization with oligonucleotides containing ei-

ther the normal exon 3 splice donor sequence, the intron 3-
g+la mutation, or the intron 3-a+3g mutation. Both of the
mutant alleles discovered by sequence analysis were detected
by this allele-specific oligonucleotide hybridization in the pa-

tient. No hybridization with his DNA and the normal oligonu-
cleotide was observed. Genomic DNA fragments from all of
the 35 unrelated individuals hybridized to the wild-type oligonu-
cleotide, but not to either of the mutant oligonucleotides (data
not shown). These results are consistent with the conclusion
that the intron 3-a+3g change in the second allele of this patient
is not present in the normal population and thus may cause the
observed missplicing, with skipping of exon 3.

Discussion

Our results demonstrate that this child with fatal trifunctional
protein deficiency is a compound heterozygote for two different
mutations (intron 3-g+la and intron 3-a+3g) in the exon 3
donor splice site. Because neither splice site mutation occurs

in the normal population, these base changes do not represent
polymorphisms. More importantly, by RT-PCR of the patient's
a subunit mRNA and RNA blot analysis, we documented that
no detectable normal-sized subunit mRNA is present in his
mutant fibroblasts and that his expressed a subunit mRNA is
universally deleted for exon 3. Thus, we conclude that these
donor splice site mutations result in incorrect precursor mRNA
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splicing, with deletion of exon 3 or both exons 2 and 3, and
production of stable mRNA species containing early premature
stop codons.

Naturally occurring mutations of the first intronic base of
the splice site donor have been described with deficiency of
many gene products, including, for example, lipoprotein lipase
(22), phosphofructokinase (23), and ornithine transcarbamyl-
ase (24). Mutations at this site may cause use of cryptic splice
sites (22) or skipping of the previous exon (23, 24), as in the
case reported here. Our patient has normal amounts of mRNA
by Northern blot, suggesting that in spite of the exonic deletions
and premature termination, some mutant mRNA species are
stable. In vitro studies of splicing efficiency after systematic
creation of mutations at this site demonstrate markedly reduced
efficiency of splicing usually secondary to inhibition of the 3'
cleavage and splicing step (25) at the downstream acceptor site.
However, some mutations at the +1 site alter the cleavage site.
Which of these two abnormalities occurs depends on the entire
context at the exon-intron boundaries. Our results support a
model (26) in which initial spliceosome assembly requires co-
operative interactions ("pairwise recognition of splice sites")
at both ends of an exon to form stable complexes and allow
exon recognition. This exon scanning mechanism for splice site
selection implies that the exon itself is part of the context re-
quired for recognition and that the length of the exon (< 300
bp) is important in determination of splicing.

Disease-causing mutations of the variable bases of the in-
tronic donor splice consensus sequence have been reported pre-
viously (27-30). This is somewhat unexpected because the +3
site, for example, is highly variable, with A being the preferred
base (59%), but with G frequently present (35%) (21). None-
theless, mutations in introns of /-spectrin at either the +3 or
+4 site (27, 28) and in the pro-a2 (I) collagen gene at the +5
site (29) produce exon skipping, as in the patient reported here.
Moreover, site-specific mutations at the +3 site (30) can abolish
normal splicing in vitro. Thus, in this patient, the intron 3-a+3g
mutation within the context of this particular splice donor site
is sufficient to abolish normal splicing, with resultant exon 3
skipping. We conclude that our patient has misspliced a subunit
mRNA, with universal exon 3 skipping, because of two different
mutations on two different alleles occurring within the same
splice donor site. To our knowledge, this has not previously
been described.

The biochemical effect of the aberrant mRNAs produced in
this patient by exon skipping is profound. Skipping of exon 3 (or
both exons 2 and 3) produces mRNA with very early premature
termination codons, as documented by RT-PCR of mutant
mRNA. Peptides translated from these aberrant mRNAs would
contain all or part of the transit or signal peptide required for
translocation of the a subunit into mitochondria, but none of
the normal 727 amino acids of the mature subunit would be
generated. Thus, both the NH2-terminal enoyl-CoA hydratase
and the COOH-terminal LCHAD activities would be absent.

The immunoblot result in this patient demonstrates loss of
the / subunit as well. We propose that absence of all of the
mature a subunit would alter the stability of the /8 subunit,
perhaps by interfering with appropriate localization to the mem-
brane in mitochondria. Alternatively, because the absence of
any normal a subunit precludes heterooctamer formation and
because the free / subunit undoubtedly has a conformation
different from that of the normally multimerized /3 subunit, it
is possible that free /3 subunit would be highly susceptible to

proteolysis. Hashimoto and co-workers have studied the biosyn-
thesis, processing, heteromeric complex formation, and stability
of the a and /3 subunits of this patient and two others with
complete loss of trifunctional protein antigen (Hashimoto, T.,
personal communication). Their results demonstrate that the
mutations described here and three different missense mutations
in the / subunit alleles of two other patients interfere with the
formation and stability of the trifunctional protein complex and
result in rapid degradation of both subunits in patients' fibro-
blasts. Similar effects of mutant subunits on the stability of
normal subunits in heteromeric complexes, including electron
transfer flavoprotein, have been noted (31 ). Thus, the presence
of early premature stop codons in the a subunit of this patient
alters the interaction with the thiolase-containing 63 subunit,
reducing the formation or stability of the trifunctional protein
complex and thus resulting in loss of all three enzymatic activi-
ties.

The patient reported here presented with neonatal hypogly-
cemia and cardiomyopathy. We and others (3, 32) have docu-
mented that other,/-oxidation defects, especially MCAD defi-
ciency, may also cause neonatal symptoms or death associated
with hypoglycemia and fatty infiltration of the heart and liver.
Our LCHAD-deficient patient later died suddenly and unexpect-
edly, a phenotype typical both of isolated LCHAD deficiency
and of other defects in /3-oxidation. The similarity of symptoms
of our patient and those previously reported with isolated
LCHAD deficiency suggests that the LCHAD activity of tri-
functional protein is most critical to the normal function of
those tissues with high energy demands. Perhaps this is because
more redundancy of the other two enzyme activities (enoyl-
CoA hydratase and P-ketoacyl-CoA thiolase) exists, secondary
to multiple gene products encoding various enzymes with these
activities (8). An important difference between this case and
many autopsy studies of toddlers dying from /3-oxidation de-
fects is that no significant microvesicular fatty infiltration of
any organ was detected. The mild myocardial fibrosis and super-
imposed myocarditis suggest that an arrhythmia may have been
responsible for death, although this is speculative.

In summary, our results demonstrate that two different muta-
tions in the exon 3 donor splice site of the trifunctional protein
a subunit gene cause exon skipping and creation of very early
premature stop codons in the misspliced, but stable, mature
mRNA. The resultant absence of a subunit allows rapid degra-
dation of the normal /6 subunit and creates a deficiency of all
three trifunctional protein enzyme activities. This is the initial
delineation of the molecular basis of LCHAD and trifunctional
protein deficiency.
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